Objectives To determine whether a panel of blood-based biomarkers can discriminate between patients with suspected mild traumatic brain injury (mTBI) with and without neuroimaging findings (CT and MRI).
Millions of patients seek care for traumatic brain injuries (TBIs) every year, 1 with over 90% of injuries classified as mild TBI (mTBI), as determined by the Glascow Coma Scale (GCS) scores between 13 and 15, reporting short or no loss of consciousness and brief periods of post-traumatic amnesia. 2 CT is used in routine clinical care for detecting more severe intracranial injury and to aid in acute management decisions. MRI may allow for the detection of more subtle injuries not seen on CT, including diffuse axonal injury, which increase risks for neurologic symptoms 3, 4 ; however, is not the standard of care for TBI. Thus, having blood-based biomarkers that improve the assessment and characterization of injury and guide the diagnostic pathway would be of immense clinical benefit.
Biomarkers including glial fibrillary acidic protein (GFAP) and ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) have been associated with TBI and related to findings on CT in cohorts with moderate to severe TBIs. [5] [6] [7] [8] [9] [10] Tau, an axonal injury marker, has been shown to relate to CT findings in patients with TBI with all severites, 11 and neurofilament light chain (NFL) relates to the degree of axonal injury in patients with severe TBI. 12 Fewer studies have compared these biomarker candidates in patients with mTBI 13 and imaging findings. We used ultrasensitive assays to test peripheral biomarkers of axonal and astroglial injury in patients with mTBI and examined their relationship to neuroimaging studies. The purpose was to determine whether these biomarkers can discriminate patients with subtle injuries, determined through MRI, who may be at risk of poor recovery.
Methods
This analysis is part of the Traumatic Head Injury Neuroimaging Classification study (NCT01132937), a large and ongoing natural history study of TBI. Patients seeking care for a suspected brain injury, 18-85 years of age, and a GCS of 13-15 were included in this analysis. Enrollment, blood collection, and imaging (clinical CT and research MRI) were performed within 48 hours of injury. A standardized MRI protocol was used, which included diffusion-tensor imaging, T2*-weighted imaging, T2-fluid-attenuated inversion recovery (FLAIR), high-resolution 3D-T1, dynamic susceptibility contrast perfusion-weighted Abbreviations: GCS = Glasgow Coma Scale; GFAP = glial fibrillary acidic protein; MVA = motor vehicle accident; NA = not applicable; NFL = neurofilament light chain; NS = nonsignificant; NSI = Neurobehavioral Symptom Inventory; UCH-L1 = ubiquitin carboxyl-terminal hydrolase L1.
Glossary AUC = area under the curve; CI = confidence interval; FLAIR = fluid-attenuated inversion recovery; GCS = Glascow Coma Scale; GFAP = glial fibrillary acidic protein; mTBI = mild traumatic brain injury; NFL = neurofilament light chain; ROC = receiver operating curve; TBI = traumatic brain injury; UCH-L1 = ubiquitin carboxyl-terminal hydrolase L1.
imaging, and post-contrast T1 and T2-FLAIR. Healthy controls (n = 49) without a history of TBI or neurologic disease were recruited from the National Institute of Health protocols: NCT01762475 and 09-NR-0131. All protocols were approved by their respective institutional review boards, and informed consent was obtained before any data collection.
Blood samples were collected into ethylenediaminetetraacetic acid tubes, centrifuged, aliquoted for plasma, and stored at −80°C. Plasma samples were analyzed using the Simoa (Single Molecule Array) Neurology 4-plex assay kit (Quanterix, Lexington, MA) for simultaneous measurement of NFL, tau, GFAP, and UCH-L1 on the HD-1 Analyzer.
The laboratory was blinded to the clinical and imaging data. The average coefficient of variation of measurement of NFL, tau, GFAP, and UCH-L1 in all tested samples was 5%, 9%, 4%, and 29%. Here we show data for UCLH-1 but do not report it as a finding, as approximately one-third did not meet the quality control specifications.
The Kruskal-Wallis and the Mann-Whitney tests were used to compare biomarkers between groups, and correlation analyses were performed using the Spearman rank test, with p-values adjusted for multiple comparisons with the BenjaminiHochberg procedure. As biomarkers were significantly associated with age, age-adjusted receiver operating curves (ROCs) were used to calculate the biomarker diagnostic accuracy. All tests were 2-tailed; p < 0.05 was considered significant. Statistical analyses were conducted using SAS 9.4 (SAS Institute, Inc., Cary, NC).
Data availability
Any data not published within the article are available by request within the Center for Neuroscience and Regenerative
Figure 1 Box-and-whisker plots of tau (A), NFL (B), GFAP (C) and UCH-L1 (D) concentrations in the different diagnostic groups
The black horizontal line in each box represents the median, with the boxes representing the interquartile range. Significant differences are indicated with *p < 0.05, **p < 0.01, and ***p < 0.001. GFAP = glial fibrillary acidic protein; NFL = neurofilament light chain; and UCH-L1 = ubiquitin carboxyl-terminal hydrolase L1.
Medicine Informatics Core. The dataset will be shared on request from any qualified investigator.
Results
Patients (n = 277) and controls (n = 49) were well-matched with regard to demographic characteristics (table) . Patients with imaging findings were older than those without. In addition, biomarker levels were associated with age; thus, age was controlled for in all comparisons. Compared with those of healthy controls, the mTBI cohort had higher concentrations of tau, NFL, and GFAP ( figure 1, A-D and table) . Age-adjusted ROCs comparing the overall mTBI cohort to controls resulted in an area under the curve (AUC) value for GFAP that was excellent (0.93, 95% confidence interval [CI] 0.90-0.96), and none of the other biomarkers improved the diagnostic accuracy ( figure 2A, figure e-1, links. lww.com/WNL/A694).
In stratifying patients with mTBI with and without CT findings, there were higher concentrations of tau, NFL, and GFAP in patients with findings (p's < 0.01), and a fair AUC value, with the only significant predictor being GFAP (AUC 0.77, 95% CI 0.70-0.84) ( figure 2B ). Similarly, stratifying based on MRI findings, higher concentrations of all biomarkers (p's < 0.05) were seen in those with findings. The overall model showed good discriminatory power (AUC 0.83, 95% CI 0.77-0.88); GFAP was the strongest predictor (p < 0.001), but tau and NFL also contributed independently to predicting findings on MRI (p = 0.03 and p = 0.02, respectively) (figure Figure 2 Receiver operating characteristic curves age-adjusted for NFL, tau, and GFAP and "model" which includes all biomarkers (NFL, tau, and GFAP) (A) ROC stratifying controls vs patients with mTBI, (B) ROC stratifying patients with mTBI with and without CT imaging findings, (C) ROC stratifying patients with mTBI with and without MRI findings, (D) ROC stratifying patients with mTBI who have CT negative findings, both with and without MRI findings. GFAP = glial fibrillary acidic protein; mTBI = mild traumatic brain injury; NFL = neurofilament light chain; and ROC = receiver operating curve.
2C). Patients with a normal CT but with findings on MRI had significant elevations of GFAP, tau, and NFL compared with patients with mTBI lacking findings on neuroimaging (p's < 0.05). Consistent with the previous model, the AUC value was good (0.80, 95% CI 0.69-0.90), with GFAP being the main predictor (p = 0.0003) and with tau (p = 0.017) and NFL (p = 0.015) being independent predictors of the presence of MRI abnormalities ( figure 2D ).
Discussion
The present study confirms that GFAP distinguishes patients with mTBI from controls, as well as distinguishing patients with mTBI with a positive CT from patients with mTBI who are CT negative. [5] [6] [7] [8] We also report that GFAP distinguishes patients with mTBI who are CT negative but are MRI positive from patients with mTBI who are both CT and MRI negative, and that tau and NFL in combination with GFAP improved diagnostic accuracy. Therefore, GFAP shows promise in identifying patients who may need more intensive monitoring and clinical care, and the addition of tau and NFL may increase prediction ability. This is important, as approximately 25%-40% of CT negative patients have a MRI positive finding, which is linked to more long-term neurocognitive and neuropsychiatric disabilities.
14 MRI scanning is not universally available and is costly, but may have value in clinical care of mTBI patients. Therefore, a blood-based biomarker to identify these patients would provide an opportunity to detect more subtle injuries and to ultimately improve care for patients with mTBI by identifying those who warrant increased monitoring and possibly improve future preventative interventions. These findings suggest the need for additional studies that include multiple biomarkers to determine whether combinations of biomarkers may improve identification of patients with mTBI with more subtle injuries detected by MRI.
Our conclusions are limited to having a relatively small sample size, mainly in the subgroups. Additionally, UCH-L1 was undetectable in a significant proportion of samples, limiting the comparability with the other markers and the conclusions that could be drawn. In summary, the findings presented here provide important insights into how GFAP may be used as a diagnostic biomarker, with possible utility in determining patients with mTBI with subtle injuries detected only through MRI, which is not widely available in emergency room settings.
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